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Abstract 



We present extensive As NMR and NQR data on the superconducting arsenides PrFeAsog9Fo.11 (T c =45 K), LaFeAsO0.92F0.08 
(T c =27 K), LiFeAs (T c = 17 K) and Bao.72K).28Fe2As2 (T c = 31.5 K) single crystal, and compare with the nickel analog 
LaNiAsOo.9Fo 1 (T c =4.0 K) . In contrast to LaNiAsOo.gFo.i where the superconducting gap is shown to be isotropic, the spin 
lattice relaxation rate \/T\ in the Fe-arsenides decreases below T c with no coherence peak and shows a step-wise variation at 
low temperatures. The Knight shift decreases below T c and shows a step-wise T variation as well. These results indicate spin- 
singlet superconductivity with multiple gaps in the Fe-arsenides. The Fe antiferromagnetic spin fluctuations are anisotropic and 
weaker compared to underdoped copper-oxides or cobalt-oxide superconductors, while there is no significant electron correlations 
in LaNiAsOo.9Fo.i. We will discuss the implications of these results and highlight the importance of the Fermi surface topology. 
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The recent discovery of superconductivity in LaFeAsOi_ A F x 
at the transition temperature T c — 26 K [ 1 ] has attracted great 
attention. Soon after the initial work, T c was raised to 55 K in 
SmFeAsOi_ x F t ]2|], which is the highest among materials ex- 
cept cuprates. These compounds have a ZrCuSiAs type struc- 
ture (P4/nmm) in which FeAs forms a two-dimensional net- 
work similar to the CUO2 plane in the cuprates case. By re- 
placing O with F, electrons are doped. After the discovery of 
ReFeAsO (Re: rare earth, so-called 1111 compound), several 
other Fe-pnictides have been found to superconduct. BaFe2As2 
(so-called 122 compound) has a ThCr2Si2-type structure. By 
replacing Ba with K, holes are doped and T c can be as high as 
38 K [3]. Another arsenide, LiFeAs (so-called 111 compound) 
which has Cu2Sb type tetragonal structure, was discovered to 
show superconductivity even in stoichiometric compositionf^]]. 
The common feature of these three systems are the iron arsenide 
plane which dominates the properties of these compounds and 
hosts the superconductivity. 

We have used nuclear magnetic resonance (NMR) and nu- 
clear quadrupole resonance (NQR) techniques to study the pair- 
ing symmetry and spin fluctuations in the normal state. We find 
that these supercondutors are in the spin-singlet state with mul- 
tiple gaps, and the latter property is quite different from the 
cuprate case. The antiferromagnetic spin fluctuation is weaker 
than the cuprates and are anisotropic in the spin space. 



2. Experiments 

The preparation of the samples of PrFeAso.89Fo.11 
(7>45 K), LaFeAsO0.92F0.08 (7>23 K), LiFeAs(r c = 
17 K), LaNiAsOo. 9 F .i (T e = 4.0 K), and single crystal 
Ban72Ko 28Fe2As2 (T c = 31.5 K) are published elsewhere 
NQR and NMR measurements were carried out 
by using a phase coherent spectrometer. The NMR spectra 
were taken by sweeping the magnetic field at a fixed frequency. 
The spin-lattice relaxation rate 1/T\ was measured by using a 
single saturation pulse. 

3. Results and Discussion 

3.1. Knight shift 

Figure Q] shows the temperature dependence of the Knight 
shift for PrFeAso.89Fo.11 (7V=45 K) with the magnetic field (H) 
applied along the afo-direction The shift decreases below 
T c and goes to zero at the T=0 limit. The Knight shift of 
Bao.72Ko.28Fe2As2 with H parallel to the c-axis H 1 Oil also de- 
creases below T c , as seen in Fig. [2] The behavior is quite 
similar to the PrFeAso.89Fo.11 case. These results indicate spin- 
singlet superconductivity. 

However, the detailed T variation of the Knight shift is dif- 
ferent from that seen in usual spin-singlet superconductors such 
as copper-oxides, where K decreases rapidly below T c which is 
followed by a milder decrease at low temperatures, as illustrated 
by the broken curve in Fig. Q] In contrast, the decrease of the 
Knight shift shows a step-wise behavior at a temperature about 
half the T c . 
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Figure 1: (color online) The temperature variation of 75 As Knight shift of 
PrFeAso.89Fo.11 with H || ab. The solid curve is a fitting of two rf-wave gaps 
with Ai(T = 0) = 3.5k B T c and a relative weight of 0.4, and A 2 (T = 0) = 
l.lkgTc with a relative weight of 0.6 (see text). The broken curve below T c is 
a simulation for the larger gap alone. 




Figure 2: (color online) The Knight shift data of Bao.72Ko.2sFe2As2 with H \\ c- 
axis. The arrow indicates T c . The curve below T c is a fit to a two-gap model 
(see text). 



3.2. T\ in the superconducting state 

The step-wise decrease of the Knight shift is also reflected 
in the temperature dependence of the 19 F spin-lattice relax- 
ation rate I IT i [9], and is also seen in LaFeAsO0.92F0.08 (T c =23 
K)iil and the hole-doped Bao.7 2 Ko.28Fe 2 As2 (7>31.5 K)Q3l. 
Figure [3] shows the temperature dependence of 1/T\ measured 
by 19 F NMR in P1FeAso.s9Fo.11 (T c = 45 K), and Fig. g]shows 
the temperature dependence of 1/T\ measured by 75 As NQR in 
LaFeAsO0.92F0.08 (T c =23 K). Below T c , there is no coherence 
peak for both samples. Moreover, a bending feature is seen 
around T 



T C I2 



1 111 . This behavior is not expected in a 
single-gap superconductor. 

Figure [5] shows the temperature dependence of \/T\ mea- 
sured by 75 As NMR with the magnetic field applied alon g th e 
c-axis in Bao.72Ko.2sFe2As2 (T c = 31.5 K) single crystal [10]. 
1/Ti also shows a "knee"-shape around T ~ T c /2. Namely, 
the sharp drop of l/Ti just below T c is gradually replaced by 
a slower change below T ~ 15 K, then followed by another 
steeper drop below. This "convex" shape is clearly different 
from the case of superconductors with a single gap which shows 
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Figure 3: (color online) The temperature dependence of "F spin-lattice relax- 
ation rate 1/Ti in PrFeAso.89Fo.11 measured at /iqH = 1.375 T. The broken line 
indicates a relation of T\ T =const which holds for a weakly correlated electron 
system. The thin straight line illustrates the temperature dependence of T 3 



a "concave" shape of T-variation. 

We find that a two-gap model can reproduce the step-wise T 
variation of 1/Ti and the Knight shift. The underlying physics 
is that the system is dominantly governed by a larger gap for 
T near T c while at sufficiently low T it starts to "notice" the 
existence of a smaller gap, resulting in another drop in \/T\ 
below T ~ T c /2. In the cZ-wave case with two gaps, where the 



density of states (DOS) is N sJ {E) = N 0J 



and 1/T\ S in the superconducting state are written as 



the Knight shift 



oE 



f(E) [1 - /(£')] 6(E - E')dEdE' 



(1) 



(2) 



where f(E) is the Fermi distribution function. We find that the 
parameters 2Ai(0) = 1.0k B T c , 2A 2 (0) = 2.2k B T c and k = 0.4 
can fit the data of both the shift and \/T\ very well, as shown 
by the solid curves in Fig. 1 and Fig. 3, where 



N ,i 



N A +/V ,2 



(3) 



is the relative DOS of the band(s) with larger gap to the total 
DOS. 

Application of the same model to LaFeAsO0.92F0.08 gives 
2Ai(0) = 8.4£ B 7: C , 2A 2 (0) = 3.2k B T c , and k = 0.6 HI. On the 
other hand, for Bao.7 2 Ko.28Fe2As 2 , 2Ari[0) = 9.0 k B T c , 2A 2 (0) = 
1.62k B T c , and k = 0.69 was obtained II 1 Oil . The same model can 
also fit the Knight shift data, as seen in Fig. 2. 
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Figure 4: (color online) 75 As (l/Ti) in LaFeAsOo.92Fo.O8- The solid curve is 
a two gap fit assuming a rf-wave symmetry with parameters, Ai(0) = 4.2k^T c , 
A?(0) = l.6k^T c , and k = 0.6 (see text). The dotted curve is a simulation as- 
suming two .v-wave gaps that change signs with parameters, Ai(0) = 3.75k B T c , 
A 2 (0) = l.5k B T c , and k = 0.38. 



For the case of s ± -gap 1121 11311 . recent calculations have 
shown that scattering between the different bands may reduce 
the coherence peak just below T c 00. Following Ref.Hl, 
we calculated 1 jT\ for the i ± -gap model, by introducing the im- 
purity scattering parameter 77 in the energy spectrum, E = oj+irj. 
The parameters 2A l (0) = 1.5k B T c , 2A 2 (0) = 3.0k B T c , k = 0.38 
and 77=0. l5k B T c , can well fit the data, as shown in Fig. 4. where 



V = 



nn lmv (N x +N 2 )V 2 
1 +n 2 (Ni +N 2 ) 2 V 2 



(4) 



In the equation, n lmv is the impurity concentration and V is 
the scattering potential at the impurity. A similar set of pa- 
rameters (2Ai(0) = 1.2k B T c , 2A 2 (0) = l.6M B T c , k = 0.6 and 
rj-Q.22k B T c ) can fit the data of Bao.72Ko.2sFe2 As 2 , see Fig. [5] 

The results for LiFeAs lll6ll (Fig. |6|l are shown in Fig. 6. 
We measured two Li A FeAs samples with nominal x = 0.8 and 
1.1. The physical properties including the NMR results are the 
same. This supports that only stoichiometric compound can be 
formed . lfl7ll l/T\ below T c shows a qualitatively similar be- 
havior as the previous three samples, but the behavior at low 
temperatures is a little different. Namely, 1/Ti becomes to be 
proportional to T below T < TJ4, which indicates that a fi- 
nite DOS is induced by the impurity scattering. Obviously, this 
would occur in a d-wave case. On the other hand, it is also 
possible in the case provided that the scattering between 
the electron- and hole-pocket is strong. Calculation by the s ± - 
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Figure 5: (color online) T-dependence of \jT\ in Bao.72Ko.2sFe2As2. The 
curves below T c (indicated by the arrow) are fits to two-gap models (see text). 



wave model shows that the gap value of LiFeAs is smaller than 
other compounds, but the impurity scattering is much larger 
(ji = Q.26kBT c ) 01611 . The gap parameters for all Fe-arsenide 
samples are summarized in Tab. Q] To summarize, the multi- 
ple gap feature is universal to all Fe-arsenids, which probably 
associated with the multiple electronic bands 111 811 . 

By strong contrast, the nickel analog of LaFeAsOi_ A F A , 
namely, LaNiAsOo.gFo.i has different behavior. (3 As seen in 
Fig. 13 1/Ti shows a well-defined coherence peak just below 
T c , which is a finger print of superconductors with an isotropic 
gap. This is in sharp contrast to various Fe-arsenides reported 
so far@, Q~D, M f 



21 



22H . At low temperatures, 1/Ti de- 
creases as an exponential function of T. The solid curves in Fig . 
|7]are calculations using the BCS model. Following Hebel 12311 . 
we convolute N S (E) with a broadening function B(E) which is 
approximated with a rectangular function centered at E with a 
height of 1/26. The solid curves below T c shown in Fig. [7] is 
calculation with 2A(0) = 3.2^7;,. and r = A(0)/£=5. Such T- 
dependence of 1 / T\ in the superconducting state is in striking 
contrast to that for Fe-arsenide where no coherence peak was 
observed and the T-dependence at low-T does not show an ex- 
ponential behavior. The striking difference may be ascribed to 
the different topology of the Fermi surfaces. For Fe-arsenides, it 
has been proposed that <i-wave 1124 12511 or sign reversal s-wave 
gap 11121 1 1311 can be stabilized due to nesting by the connecting 
wave vector Q = (n, 0). In LaNiAsOo.gFo.i, however, there is 
no such Fermi surface nesting [26], and thus the mechanism for 
the proposed gap symmetry does not exist. Given that the T c 
is much lower in LaNiAsOi_ A F A , our result suggests the impor- 
tant role of the Fermi-surface topology in the superconductivity 
of Fe-arsenides. 

Finally, for comparison, 1/Ti normalized by the value at T c 
are shown in Fig. [8] as a function of reduced temperature for all 



3 



Table 1 : The gap parameters, k = N[ /(Ni + Ay, r/ = i+ '^ N ' +N ^lyi > where nj mp is the impurity concentration and V is the scattering potential at the impurity. 
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Figure 6: (color online) The ^-dependence of l/Ti measured by NQR for 
Lio.gFeAs and Liu FeAs. The curves below T c are fits to the i ± -wave model 
with A| = 3.0 &b7c, A7 = 1.3 k^T c , and the impurity scattering rate r\ = 0.26 
k^Tz (see text). 

samples. 

3.3. Normal state properties 

Next, we discuss on the character of spin fluctuations. 
Figure [9] shows the temperature variation of \/T\T in 
Bao.72Ko.28Fe2As2. One notices that, in the normal state above 
T c , \IT\T increases with decreasing T, which is an indication 
of antiferromagnetic electron correlation, since both K a and K c 
slightly decrease with decreasing T, but becomes a constant be- 
low T ~ 70 K [ 10], which resembles closely the cuprate 12711 or 
cobaltate cases [28]. 

Figure [TO] compares \jT\T for four samples. The data 
for LaFeAsO0.92F0.08, LiFeAs, LaNiAsOo.gFo.i are measured 
by NQR, which correspond to H || c-axis, since the princi- 
ple axis of the NQR tensors is along the c-axis. The data 
for Bao.72Ko.28Fe2As 2 is measured by NMR with H \\ c- 
axis. The 1/TiT of hole-doped Bao.72Ko.2sFe2As2 increase 
with decreasing temperature as discussed above. The electron- 
doped LaFeAsO0.92F0.08 also show similar behavior, although 
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Figure 7: (color online) The T dependence of the spin lattice relaxation rate, 
l/Ti, for LaNiAsOo.gFo.i . The arrows indicate T c . The broken straight lines 
show the relation l/Ti oc T, and the curves below T c are fits to the BCS model 
with the gap size indicated in the figure. 



the increasing is very small. The \IT\T of stoichiometric 
LiFeAs is almost constant. While 1/T\T of LaNiAsOo.9Fo.i 
decrease with decreasing temperature. These results sug- 
gest that the antiferromagnetic spin fluctuations are stronger 
in Bao.72Ko.28Fe2As2 and LaFeAsO0.92F0.08, but quite weak in 
LiFeAs and LaNiAsOo.yFo.i. This difference may be under- 
stood by the difference of the Fermi surface topology. There are 
not only hole-pockets and electron-pockets but also nesting be- 
tween them in Bao.72Ko.2sFe2As2 and LaFeAsO0.92F0.0s , which 
can promote spin fluctuations. While in LiFeAs there is no 
such nesting, although there are still hole-pockets and electron- 
pockets. Lacking of such nesting make the spin fluctuation be- 
come weaker than Bao.72Ko.2sFe2As2 and LaFeAsO0.92F0.08- In 
LaNiAsOo.9Fo.i there is no hole-pockets, then nesting can not 
happen, therefore the spin fluctuations are not expected. 

Finally, we discuss the anisotropy of the spin fluctuations. In 
a general form, \/T\T is written as 



T\T ~ <v.,m 2 £-1 



nkBjl 



(5) 
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Figure 8: (color online) The normalized T-dependence of \/T\ for 
PrFeAso.89Fo.11 (7>45 K), LaFeAsOo.92Fo.O8 (7>23 K),Bao.72K .28Fe 2 As 2 
(T c = 31.5 K). LiFeAs(T c = 17 K), LaNiAsO .9F .i (T c = 4.0 K). 



where x'Kli w ) is the imaginary part of the dynamical suscepti- 
bility perpendicular to the applied field. The anisotropic ratio in 

the form of v" ^IHl^'ll!! f° r Bao.72Ko.2sFe2As2 anc ^ P arent com- 
pound are shown in FigQT] The larger magnitude of \/T\T 
along the a-axis direction than that along the c-axis direction 
indicates that there are stronger fluctuations along the c-axis 
direction seen by the As-site. Neutron experiment found that, 
in the undoped BaFe2As2 compound, the ordered Fe magnetic 
moment is along the a-direction and forms a stripe 112911 . Since 
the As atom sits in the position above (below) the middle of 
four Fe-atoms, our result implies that, in the Fe site, a stronger 
fluctuating fields exist along the a-axis direction, as illustrated 
in the inset of Fig. [9] It is remarkable that the antiferromagnetic 
fluctuations of Fe are anisotropic in spin space. Namely, x±(Q) 
is much larger than ^"(0, where z is along the c-axis direction 
and Q is the spin fluctuation wave vector. This is in contrast 
to the high-r e cuprates where the spin fluctuations are believed 
to be isotropic, but similar situation was encountered in cobal- 
tate superconductor iBoll. The relationship between the energy- 
and ^-dependence of the spin fluctuations (SF) and possible SF- 
induced superconductivity has been studied both theoretically 
1 3111 and experimentally [32]. To our knowledge, however, the 
relationship between the anisotropy of SF and superconductiv- 
ity has been less explored so far. We hope that our results will 
stimulate more theoretical work in this regard. 



In summary, we have presented the NMR and NQR results 
on the electron-doped Fe-arsenides PrFeAso.89Fo.11 (T c = 45 
K), LaFeAsO0.92F0.08 (T c = 23 K), stoichiometric LiFeAs(T c 
= 17 K), and the hole-doped Fe-arsenide Bao.72Ko.2gFe2As2 (T c 
= 31.5 K). We find there are multiple gaps in iron arsenides 
where Knight shift and 1/T] does not follow a simple power- 
law nor exponential function. However, the 1/T\ of the Nickel 
analog LaNiAsOo.9Fo.i shows a well-defined coherence peak 
just below T c and an exponential behavior at lower tempera- 
tures. These properties indicate that it is a conventional BCS 
superconductor. The difference between the Fe-arsenides and 
the Ni-analog may be understood by the differene of the Fermi 
surface topology, and therefore highlights the important role of 
the Fermi-surface topology in pairing symmetry of the iron ar- 
senides superconductors. 

In the normal state, all iron arsenides show weak antiferro- 
magnetic spin correlations. Our data also show that the sample 
with weaker correlations has a lower T c , and this may imply the 
T c has a relationship with the structure of Fermi surface. More- 
over, the spin fluctuations are anisotropic in spin space, which 
is different from cuprates. 

We gratefully acknowledge the support from CAS, National 
Science Foundation of China, JSPS and MEXT of Japan . 
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